Objective: To report the development of CNS vasculitis in a patient with multiple sclerosis (MS) treated with daclizumab.
Daclizumab is a humanized monoclonal antibody specific for interleukin (IL)-2Ra receptor (CD25) and has been approved for the prevention of allograft rejection in solid organ transplantation. Multiple phase II studies of daclizumab in multiple sclerosis (MS) have reported significant efficacy in reducing contrast-enhancing lesions (CEL) and clinical disability. [1] [2] [3] [4] [5] [6] Clinical efficacy of daclizumab treatment in MS has been linked to the expansion of CD56 bright NK cells, 3, 6, 7 which can regulate adaptive immunity by killing activated autologous T cells. 7 We describe a 42-year-old Caucasian woman (ZAP10) with a 5-year history of relapsing-remitting MS (RRMS) who completed a phase II clinical trial of daclizumab monotherapy in MS. 2 METHODS Magnetic resonance images were obtained at the height of the patient's symptoms using described methodology. 2 CSF was collected during pretreatment baseline, month 1.5, and month 6.5 on daclizumab therapy on NIH protocol, and during clinical deterioration on daclizumab therapy outside of NIH clinical trial. CSF was spun within 30 minutes of collection and cell-free supernatants were cryopreserved until analysis. CSF supernatants were concentrated (up to 10-fold) by centrifugation through Millipore Amicon Ultra 3 kDa filters and analyzed in multiplex for IL-12p40, CCL19, and interferon-g as described.
2 CXCL13 was measured by ELISA (R&D Systems, Minneapolis, MN; Catalogue number DY801).
Standard protocol approvals, registrations, and patient consents. The study was approved by the NIH/CNS Institutional Review Board. Written informed consent was obtained from the patient. RESULTS ZAP10 initially had excellent therapeutic response to daclizumab as judged by significant inhibition of CELs (average of 17.5 CEL/month before initiation of daclizumab to 0.5 CEL/month during treatment) on brain MRI, stable or improving Expanded Disability Status Scale (EDSS) score (figure 1; highlighted in green), and inhibition of markers of intrathecal inflammation, such as CSF IL-12p40, CXCL13, and CCL19 (figure 2A, Dac Mo1.5 and Mo6.5).
Following completion of trial 2 the patient elected to continue monthly IV daclizumab treatments with a private neurologist. There was an 8-week interim between last study dose and first off-label dose of daclizumab. The patient had a mild clinical relapse following third off-label dosing of daclizumab (figure 1; highlighted in yellow). IV methylprednisolone (1 g/day 3 5 days) was administered, with transient improvement. However, the patient continued to deteriorate with headaches, fevers, weight loss, and arthralgia, and eventually demonstrated diffuse weakness, ataxia, and gait difficulty (EDSS 6). Numerous focal T2-weighted lesions and striking linear contrast enhancement in the deep medullary veins were observed on brain MRI (figure 2B). Despite stopping daclizumab treatment and initiating second treatment with IV methylprednisolone, repeat MRI showed persistent CELs remarkable for their "vascular" and leptomeningeal enhancement (not shown). MRI of the spinal cord showed diffuse intramedullary cord abnormalities with cord swelling, edema (figure 2B), and numerous petechial foci of enhancement (not shown).
CSF studies showed lymphocytic pleocytosis of 179 leukocytes (98% lymphocytes), 2 erythrocytes, 100 mg/ dL protein, and 48/dL glucose. Intrathecal inflammatory markers (CSF IL-12p40, CXCL13, CCL19, and IFN-g) rose at or above daclizumab-pretreatment baseline (figure 2A). Extensive CSF virology studies were negative. CSF was negative for malignancy by cytology and flow cytometry. Antinuclear antibodies, anticardiolipin antibodies immunoglobulin G, extractable nuclear antigen, and rheumatoid factor were negative.
MRI-guided diagnostic brain biopsy (targeting apparent vasculitic lesions) showed abundant lymphocytic infiltration of cerebral white matter. Intense perivascular cuffing was associated with marked structural damage to small vessels indicative of vasculitis ( figure  2C ). Damage to small vessels was evident on hematoxylin and eosin stains and confirmed by immunohistochemistry for CD31 and CD34 (not shown). CD81 T cells were more numerous compared to CD41 T cells. B (CD201) lymphocytes were confined to perivascular cuffs. There was no evidence of demyelination on Luxol fast blue stains. Diffusely scattered microglia/macrophages were identified by CD68 staining but no lipidladen cells were present. Special stains for bacteria, fungi, and acid-fast bacilli were negative. Immunohistochemistry for cytomegalovirus, Toxoplasma, herpes simplex virus, simian virus 40, and in situ hybridization for Epstein-Barr virus were negative.
The patient was treated with high-dose pulsed methylprednisolone followed by a regimen of cyclophosphamide for CNS vasculitis (figure 1; highlighted in blue). She responded with substantial clinical recovery and significant resolution of brain MRI abnormalities. At 33 months after last cyclophosphamide dose, the patient maintains EDSS of 5 and brain MRI shows no CELs and minimal increase of T2 lesion load.
DISCUSSION The anti-CD25 monoclonal antibody daclizumab has emerged as an effective treatment for MS and is currently in phase III trials of clinical testing. Daclizumab has been generally well tolerated, with the notable exception of skin rashes and transient liver function abnormalities. 4, 8 This is the first report of CNS vasculitis in a patient treated with daclizumab.
The etiology of CNS vasculitis in this patient is uncertain. Because MS is ultimately a diagnosis of exclusion and the brain biopsy specimen lacked evidence of demyelination, there is a slight possibility that the primary pathology in this patient was neuroinflammatory disorder other than MS. However, extensive diagnostic workup (appendix e-1 on the Neurology ® Web site at www.neurology.org) did not reveal any alternative systemic or specific neuroinflammatory disorder. Thus, we conclude that it is much more likely that the induction of vasculitis was linked to daclizumab treatment. Careful immunologic analysis of ZAP10 in relationship to other patients with MS who participated in NIH clinical trials of daclizumab in MS [1] [2] [3] demonstrated that ZAP10 had comparable daclizumab-induced decrease in proportion, absolute numbers, and proliferation (i.e., Ki67-staining) of FoxP31 regulatory CD4 T cells ( figure 3A) . However, in contrast to other trial participants, ZAP10 did not expand immunoregulatory CD56
bright NK cells 7 during daclizumab treatment (figure 3B). It is likely that lack of expansion of CD56 bright NK cells in this patient was genetically determined, because we observed that she had lowest levels of IL-2 signaling as measured by STAT5 phosphorylation in her T cells, but also in CD56
bright NK cells at pretreatment baseline (figure 3, A and B, last panels).
We have recently reported that in addition to immunoregulation via CD56 bright NK cells, daclizumab also efficiently inhibits activation of antigen-specific T cells by blocking IL-2 transpresentation by dendritic cells. 9 We believe that this latter effect underlies the therapeutic efficacy of daclizumab in ZAP10. For this new mechanism to operate, daclizumab needs to be administered in concentrations that saturate IL-2Ra in the lymph nodes. 9 Conversely, when daclizumab concentrations fall below saturating levels in the lymphatic tissues, but still saturate CD25 in the blood, then de novo activated T cells that upregulate CD25 upon antigen-specific stimulation will experience CD25 blockade only during their transit in blood. Such late inhibition of high-affinity IL-2 signaling will make effector T cells resistant to activation-induced cell death, leading to paradoxically greater expansion and survival of antigen-specific T cells. 9 It is conceivable that the 8-week interruption in daclizumab dosing in ZAP10 created such a vulnerable situation. Furthermore, the decline in T-regs, experienced in absence of normal expansion of CD56 bright NK cells, may have left this patient uniquely defenseless to de novo activation of the adaptive immune responses by unknown trigger. Clearly this explanation, although plausible, remains speculative. This case report is clinically important, as it demonstrates that in rare individuals, daclizumab administration can lead to inhibition of T-regs without concomitant expansion of immunoregulatory CD56 bright NK cells, leaving such individuals potentially vulnerable to novel immunopathologies. While at the moment we do not know how prevalent such complication may be, our analysis of this case provides potential biomarkers for identification of such cases. Indeed, if follow-up studies demonstrate that prevalence of such patients is not negligible, then genetic studies may identify susceptibility alleles that predispose patients to this immunologic complication.
A resulting predictive biomarker would enhance safety of daclizumab treatment by screening susceptible individuals or by implementing preventive therapy (e.g., corticosteroids) during the vulnerable period after conclusion of daclizumab dosing.
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